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Abstract 
Austenitic stainless steel of type X6CrNiNb18-10 is a commonly used material for pipelines of power plants. The fatigue 
behavior of these components is often operationally determined by thermo-mechanical stresses. Welded joints are subjected to 
various geometries and micro structural inhomogeneities, which lead to complex stresses in the component. This is the reason for
a reduced fatigue life, in contrast to material’s life itself, is observed. 
A parametric finite element model is developed, to investigate the influence parameters. In order to take into account the non-
uniform hardness distribution in the region of the weld seam, hardness measurements are the base for the consideration of a 
material mismatch in plastic behavior. The material parameters for the used Chaboche material model must be modified 
individually, depending on the mismatch. In addition, the consideration of imperfections of the welding geometry is an important 
factor, too. Using a local approach by using measured geometry-parameters of the weld seam, acceptable accordance between 
experimentally and numerically calculated fatigue lives can be gained. The observed phenomena in experimental investigations 
that fatigue failure occurs either at the base metal or at the weld toe (depending on the loading conditions) can be reproduced by 
numerical simulations. This knowledge is used to develop an approach for lifetime estimation. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction  
Within this paper, a new approach is presented for the consideration of material inhomogeneities in numerical 
analysis of welded joints under high strain amplitudes. The peculiarity of this approach is the consideration of real 
damage mechanisms. Therefore, the numerical investigations in this paper base on experimental investigations. 
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These investigations - published by Lang et. al. [6, 7] - include experiments with butt welded tubes of austenitic 
stainless steel X6CrNiNb16-10 (1.4550). On the basis of those experiments, it has been observed that the area of 
crack initiation depends on the load level of the cyclic loading. While crack initiation for smaller strain amplitudes 
occurred mainly near the notch of the seam weld, for larger strain amplitudes crack initiation was mainly observed 
in the base material. Thereby, three decisive factors of influence could be determined: the geometry of the specimen, 
the geometrical and the metallurgical notch. The new approach is able to consider these factors in the FE model and 
enables the reproduction of the above described phenomenon of differing failure locations. Taking into account the 
particularities of the weld and the structure it is possible to achieve satisfactory results for the prediction of cycles to 
crack initiation. 
The next section deals with the numerical investigations. Before the FE model is explained (geometry and 
distribution of material properties) the basics for numerical investigations will be explained to promote the 
understanding of the subsequent procedure. The following section compares the achieved numerical results to the 
experimental results. Last, the concluding remark and the outlook are given. 
 
Nomenclature 
ɀ Material parameters for Chaboche’s material model as used in ANSYS® 

 Material parameters for Chaboche’s material model 
 Young’s modulus 
ɋ Poisson’s ratio 
ɂ Strain 
ɂ	 Plastic Strain 
 Number of backstress tensors for Chaboche’s material model 
 Index 1 to M 
 Mismatch factor 
ɐ Stress 
ɐ Yield stress (uniaxial) 
KTA Kerntechnischer Ausschuss (Nuclear Safety Standards Commission, Germany) 
LCF Low cycle Fatigue 
2. Numerical investigations 
2.1. Basics for numerical investigations 
Modeling the actual geometry and taking material inhomogeneities in the area of the seam weld into account are 
major prerequisites for a successful simulation. Long range material inhomogeneities are noticeable in plastic 
behavior which are termed mismatch as usual. Particularly the term of ‘mismatch’ is defined for two stress-strain- 
laws (e.g. a and b) as their ratio of stress for same plastic strain. Generally the mismatch ݉ can be expressed by: 
 
݉൫ߝ൯ ൌ
ߪ൫ߝ൯ୟ
ߪୠ ൫ߝ൯
Ǥ (1) 
 
Within this paper the mismatch is assumed as constant for all values of plastic strain: 
 
݉൫ߝ൯ ൌ ݉ ൌ ܿ݋݊ݏݐǤǤ (2) 
 
Depending on the material model used in finite element analysis, the respective material parameters must be 
modified. The plastic behavior covered by Chaboche’s material law can be described by ͳ ൅ ʹ כ ܯ Parameters. For 
uniaxial behavior the law can be written as 
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in which the index ݅ denotes every single backstress tensor from 1 to ܯ. Chaboche’s material law in the finite 
element software ANSYS® is re-formulated by conversion of the parameters ܿሺ௜ሻ and ݎሺ௜ሻ: 
 
ඨ͵ʹ ܿ
ሺ௜ሻ ൌ  ߛ௜ǡ (4) 
ඨ͵ʹ ݎ
ሺ௜ሻ ൌ ܥ௜ߛ௜  
(5) 
 
and simplifies the equation for uniaxial behavior to 
 
ߪ ൌ ߪ ൅෍ቈ
ܥ௜ᇱ
ߛ௜ ቀͳ െ ൫െߛ௜ߝ൯ቁ቉
ெ
௜ୀଵ
Ǥ (6) 
 
As stated above, equation (6) can also be multiplied by the mismatch factor݉. After several steps (eq. (7) to eq. 
(9)), the parameters for modification can be identified. 
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The modification of the parameters ߪy  and ܥ௜  due to the mismatch leads to 
 
݉ߪ ൌ ߪ௠ ൅෍ቈ
ܥ௜௠
ߛ௜ ቀͳ െ ൫െߛ௜ߝ൯ቁ቉
ெ
௜ୀଵ
 
(10) 
 
with 
 
 
ߪ௠ ൌ ݉ߪ    , (11) 
ܥ௜௠ ൌ ݉ܥ௜    . (12) 
 
Using the modified parameters as indicated in equations (11) and (12) leads to a higher maximum stress 
(݉ െtimes higher), at same plastic strain. 
The material parameters used for the base material (X6CrNiNb18-10, 1.4550) were determined and published 
within a research project [8] (Table A1 and Table A2). The uniaxial behavior between stress and plastic strain for 
the three temperature levels are shown in Figure 1. 
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Figure 1: Uniaxial stress-plastic-strain behavior for different temperature levels  
depending on parameters given in Table 3 
2.2. Finite element model – geometry model 
Ideally the geometrical properties of the actual notch should be considered. Within the previous investigations, 
scan based geometrical parameters were determined and published in [6]. The scan based data for each specimen 
contains several values (across the thickness of the specimen), so for the sharp notch the minimum radius with the 
associated notch angle is taken. An idealized geometry model has been derived (s. Figure 2). The geometrical 
properties for the sharp notch are listed in Table B1 for several specimens. For the simplified approach, a notch 
radius of 1 mm is chosen. For the smooth notches (not critical notches) averaged values are taken (s. Table B2). 
Explanations of the geometry parameters are given in Table B3. 
 
 
Figure 2: Geometrical parameters for finite element model 
2.3. Finite element model – distribution of material properties 
The distribution of material properties, shown in Figure 4, complies with results of hardness measurements as 
shown in Figure 3. The mismatch factor increases from the base material to the middle of the weld seam and 
increases from the outer side to the inner side. The division into several areas considers the inhomogeneous material 
behavior in plastic deformations in the region of the weld seam and especially over thickness of the specimen. 
Depending on the defined mismatch a higher number of interfaces can avoid the risk of singularities at the interfaces 
in FE solution. The interfaces are described by elliptical arcs, defined by the radii R1 and R2: 
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R2(i)=WSW_I2 +DIS+DIS2-
DIS2
NM-1(i-1)ǡ
i=1 to (NM-1) 
(13) 
  
R1(i)=R2(i)൭R_MAX-R_MAX-R_MIN
(NM-2)ቀ
1
EDቁ
(i-1)ቀ
1
EDቁ൱ǡ 
 i=1 to (NM-1)Ǥ
(14) 
 
The mismatch for the respective area is calculated by equation (15) and follows a linear distribution. 
 
m(i)=1+(m_max-1)NM (i-1)ǡ
i=1 to NMǤ
(15) 
 
Figure 3: Hardness measurement results (ܪܸͲǤͷ), before fatigue testing [6] 
Strain amplitudes given in Table 1 were applied to the FE model as shown in Figure 5. The implementation of 
strain controlled FE analysis is only possible by the application of approximative procedures. This is achieved by 
Newton’s method. The value for the applied load boundary conditions is iteratively determined by the relative 
displacement of two nodes at surface, similar to the measurement procedure by an extensometer in the experimental 
investigations.  
            Table 1: Applied strain amplitudes and measured cycles to crack initiation from  
            experimental investigations [6] 
No. Strain amplitude ߝୟ in % 
Cycles to crack initiation 
௜ܰ 
Area of crack 
initiation 
V1-001 2.00 62 Base material 
V1-003 1.50 97 Base material 
V1-004 1.00 244 Combined 
V1-005 1.00 199 Base material 
V1-009 1.00 179 Notch root 
V1-010 0.75 114 Notch root 
V1-011 0.75 154 Notch root 
V1-012 0.60 64 Notch root 
V1-007 0.50 421 Combined 
V1-014 0.40 359 Combined 
V1-015 0.30 4635 Combined 
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Figure 4: Parameters for inner distribution of material properties by mismatch 
 
Figure 5: Strain control by relative displacement of two nodes with applied boundary conditions (values iteratively determined) 
3. Results of numerical investigations and comparison with experimental observations 
  
Figure 6: Numerically calculated cycles to crack initiation, 
=1.00 mm, =1.00 , 
	=1.43° and experimental results 
Figure 7: Numerically calculated cycles to crack initiation, 
=1.00 mm, =2.00, 
	=1.43° and experimental results 
Within the numerical investigations several parameters were changed. The maximum mismatch  was set 
at 1.00, 1.25, 1.50, 1.75; 2.00, 2.25 respectively and the angle of linear misalignment 
	 at 0.03°, 0.14°, 0.29°, 
0.72°, 1.43° respectively. In total, for every specimen, 6x5=30 iterative FE calculations, containing 5 cycles, were 
performed (for individual notch geometry and fixed notch geometry). In the following, a selection of the results with 
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an assumed angular misalignment of 1.43° will be presented. Results for calculations with a notch radius  of 1.00 
mm are shown in Figure 6. 
While the results in Figure 6 are based on a maximum mismatch of 1.00 (homogeneous material), the results of 
Figure 7 are based on a maximum mismatch of 2.00. The ordinate shows the controlled strain amplitude 
(experimentally with an extensometer and numerically by the relative displacement of two nodes as shown by 
Figure 5). For the numerical calculations, the highest strain amplitudes were determined within the fifth cycle for the 
notch root (illustrated by squares) and the base material (illustrated by crosses). Using these calculated strain 
amplitudes the cycles to crack initiation were calculated by applying the KTA mean curve (illustrated by the blue 
line), published in [15]. It can be seen that a mismatch of 1.00 (Figure 6) leads mainly to a crack initiation in the 
notch root. But with an increasing mismatch (e.g. 2.00) shown by Figure 7, it is obvious that, depending on the load 
level, crack initiation in base material becomes dominant. By comparison with the experimental results (illustrated 
by dots), cycles to crack initiation and especially the area of crack initiation could not be predicted. Even the 
prediction with a maximum mismatch of 1.00 is not conservative enough to cover all experimental results. 
Under consideration of the actual notch geometry, the achieved results are shown in Figure 8 and Figure 9. It can 
be seen that a maximum mismatch of 1.00 (Figure 8) leads to more conservative results, but it covers all 
experimental results. The best fitting results can be achieved by the usage of 2.00 for the maximum mismatch 
(Figure 9). It is obvious that crack initiation in base material occurs after crack initiation in the notch root. But it 
should be noted that base material surface is rough, which leads to fewer cycles for crack initiation. Technical 
regulations e.g. DIN EN 13445-3 [16] consider the influence of surface finish only for a higher number of cycles 
than 1000. ANL NUREG/CR-6335 [17] considers the influence of surface finish by a factor of 3 in lifetime or a 
factor of 1.3 for strain amplitude. Such a factor leads to a better plausibility concerning the prediction of the site of 
crack initiation. 
 
  
Figure 8: Numerically calculated cycles to crack initiation with scan 
based notch geometry, m_max=1.00, DA=1.43° and experimental 
results 
Figure 9: Numerically calculated cycles to crack initiation with scan 
based notch geometry, m_max=2.00, DA=1.43° and experimental 
results 
A comparison of experimental results and the minimum calculated cycles to crack initiation is shown by         
Figure 10, with a scatter band of factor ± 2.00 in cycles to crack initiation, which complies with the database of the 
KTA mean curve.  
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                 Figure 10: Comparison of numerical calculated number of cycles to crack  
                 initiation by usage of scan based notch geometry, m_max=2.00 and DA=1.43°  
                 to experimental achieved cycles to crack initiation 
The location of crack initiation for the base material was always observed at the inner side (regarding to the 
tube), in some distance to the first interface. The reason why the highest amplitudes at surface are not located 
directly at the interface is caused by multiaxial effects. The base material near the interface is exposed to the normal 
strain in the thickness direction of neighboring higher strength material. A multiaxial state of stress with a 
hydrostatic component evolves. The simultaneous decrease of the deviatoric stresses results in an associated 
decrease in plastic strain as well. At some distance, these multiaxial effects vanish and allow the strain amplitudes at 
this point to reach maximum value. The maximum strain amplitudes in the base material can be observed on the 
inside; they are caused by the distribution of material properties over the thickness in the region of the weld. 
4. Concluding remarks and outlook 
With regard to the numerical results, it was shown that the consideration of inhomogeneous material behavior in 
plastic deformation has a great influence on the deformation behavior and hence a great influence on the calculated 
number of cycles until crack initiation. By using a local approach, the experimental results can be well 
approximated. 
For future investigations, a comparison of numerical solutions of the strain fields with optically measured strain 
fields is planned. With this procedure, the assumed values for the distribution of material properties can be checked 
and improved. For the comparison, an extension to a three- dimensional FE model will be necessary. Additional 
numerical investigations especially with temperature loads will be conducted. 
With the creation of a sufficient experimental database, numerical investigations will be based on these data 
containing stress-strain laws as well as Wöhler curves to crack initiation separately for base and weld material. 
The ongoing research still includes multiple experiments on welded flat specimens. Additionally, biaxial 
experiments on welded cruciform specimens under thermomechanical conditions will be performed to validate the 
expertise. 
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Appendix A. Material properties 
                Table A1: Base materials (X6CrNiNb18-10, 1.4550) parameters used for  
                Chaboche´s material law implemented in ANSYS® [8] 
Parameter Temperature Unit 20°C 200°C 350°C 
ߪ 91.9358 83.6791 80.9949 MPa 
ܥଵ 305034 40326.3 60013.1 MPa 
ߛଵ 8324.29 4881.99 5671.77 - 
ܥଶ 98322.1 29312.1 21051.2 MPa 
ߛଶ 3331.71 2547.23 2931.92 - 
ܥଷ 90426.9 61102.4 52507.3 MPa 
ߛଷ 958.703 767.324 970.667 - 
ܥସ 26767.5 25361.4 24309.3 MPa 
ߛସ 367.072 303.441 230.9 - 
ܥହ 7606.99 2810.51 1898.11 MPa 
ߛହ 23.8095 16.1086 22.1902 - 
 
               Table A2: Base materials (X6CrNiNb18-10, 1.4550) elastic parameters [8] 
Parameter Temperature unit 20°C 200°C 350°C 
ܧ 199008.2 188000.0 176467.6 MPa 
ߥ 0.3 0.3 0.3 - 
Appendix B. Geometrical properties and description of used parameters 
      Table B1: Used Parameters for sharp notch in parametric model 
No. 
Radius  
 
in mm 
Notch angle  
	 
in ° 
Height  
 
in mm 
V1-001 *0.291 *33.2 *1.200 
V1-003 *0.291 *33.2 *1.200 
V1-004 0.274 31.2 1.077 
V1-005 0.287 30.3 1.071 
V1-009 0.212 35.9 1.234 
V1-010 0.229 37.2 1.235 
V1-011 0.164 29.7 1.186 
V1-012 0.064 51.8 1.629 
V1-007 0.240 30.5 1.148 
V1-014 0.253 36.7 1.232 
V1-015 0.270 35.4 1.236 
      *Assumed values, because actual values were not available 
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      Table B2: Parameters used for smooth notches in parametric model 
Radius 
 
in mm 
Notch angle 
	 
in ° 
Radius 
 
in mm 
Notch angle 
	 
in ° 
11.5 18 3.8 22.7 
Table B3: Parameters used for geometrical and material properties shown in Figure 2 and Figure 4 
Parameter Description of defined parameter  Parameter Description of defined parameter 
 Notch radius of the outer smooth notch   Distance between inner notches 
	 Notch angle of the outer smooth notch  
 Horizontal distance between notch root and last interface 
 Notch radius of the outer sharp notch  
 Horizontal distance between first and last interface 
	 Notch angle of the outer sharp notch   Radius of ellipse in direction of thickness 
 Notch radius of the inner notch   Radius of ellipse in direction of length 
	 Notch angle of the inner notch   Index 

 Height of angular misalignment   Number of materials defined 

 Length of angular misalignment  	 	 

	 Angle of angular misalignment   	 
 Plate thickness  
 			

 Length without angular misalignment   
	
 Height of outer weld seam   	
 Distance between axis and sharp notch    
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